merging data substantiate associations of poor sleep patterns, such as short sleep duration, with adverse CKD outcomes. [1] [2] [3] [4] Black Americans disproportionately experience poor sleep patterns 5 and are at increased risk for CKD and end-stage renal disease compared with nonblack individuals. 6 However, despite these observed associations, studies have not evaluated the relation between poor sleep and adverse CKD outcomes specifically in black individuals.
The mechanisms underlying the relation between sleep and kidney outcomes also remain unclear. One suggested mechanism is via chronic derangements in physiological systems by which sleep exerts its reparative effects on the body. 5 For instance, short sleep duration increases sympathetic activity and vascular tone, 7 and sleep deprivation impairs release of hormonal regulators of metabolic and vascular function, such as cortisol, aldosterone, and melatonin from the hypothalamic-pituitary-adrenal system. [8] [9] [10] [11] A composite measure of dysregulation in these systems is termed allostatic load, a multidimensional biologic construct subsuming biomarkers across the physiologic domains of neuroendocrine, autonomic, immune, and metabolic function. As a biomarker that captures preclinical adverse health consequences of stress exposure in the social environment, allostatic load has been linked with cardiovascular disease and diabetes, 12, 13 and is posited to adversely affect kidney outcomes. 14, 15 Therefore, we examined the potential mediating effect of allostatic load on the association between poor sleep patterns (sleep duration and sleep quality) and CKD outcomes in black Americans by using data from the Jackson Heart Study (JHS).
METHODS

Study Population
The JHS is a prospective cohort study comprising 5306 black Americans, 21 to 94 years of age at enrollment, from the tricounty (Hinds, Madison, and Rankin) area of the Jackson, MS, metropolitan area. JHS enrolled participants from 2000 to 2004 using probability-based sampling and random sampling with the Jackson driver's license registry and a commercially available list as the sampling frame, as previously detailed. 16, 17 First-degree relatives of JHS participants and prior participants from the Atherosclerosis Risk in Communities were also recruited to participate in the study.
Participants who provided written informed consent completed the JHS baseline examination (Exam 1 
Sleep Duration and Quality Assessment
The JHS assessed sleep using a modified version of the Berlin Sleep Questionnaire. 18 As part of this assessment, participants self-reported their habitual sleep duration at baseline in response to the question, "During the past month, excluding naps, how many hours of actual sleep did you get at night (or day, if you work at night) on average?" We categorized sleep duration into very short (#5 hours), short (6 hours), recommended (7 to 8 hours), and long ($9 hours) per 24 hours, based on prior studies that have shown 7 to 8 hours to be beneficial for health. 1, 19 Participants rated their habitual sleep quality in response to the question, "During the past month, how would you rate your sleep quality overall?" Possible responses included excellent, very good, good, fair, or poor. In our primary analysis, we categorized sleep quality into 3 categories: high (included "excellent" and "very good"), moderate (included "good"), and low (included "fair" and "poor"). In a sensitivity analysis, we dichotomized sleep quality into high (included "excellent", "very good", and "good") and low (included "fair" and "poor").
Allostatic Load Assessment
We assessed allostatic load using 11 biomarkers representing 4 physiologic domains: neuroendocrine, metabolic, autonomic, and immune function. Cortisol captured neuroendocrine function; metabolic function encompassed hemoglobin A1c, total cholesterol, lowdensity lipoprotein cholesterol, high-density lipoprotein cholesterol, and waist circumference. Autonomic function featured systolic blood pressure, diastolic blood pressure, and resting heart rate; immune function comprised C-reactive protein and white blood cell count. We converted values of the 11 biomarkers to z-scores and averaged the z-scores within the respective domains. The z-score for high-density lipoprotein cholesterol was multiplied by À1 to account for its protective effect on adverse health outcomes, and the z-score for waist circumference was computed separately for men and women, and then recombined into 1 score to account for sex differences. Allostatic load comprised the average z-score across the 4 domains; higher scores indicate greater cumulative physiologic derangement.
Demographics and Comorbidities
We included the following sociodemographic covariates in our analysis: age, sex, educational attainment (# vs. >high school diploma), household income (#1.5 vs. >1.5 times the poverty level), employment status (working for pay [full-or part-time] vs. not working for pay), alcohol consumption (within the past year vs. not), smoking status (current or former vs. never), physical activity, nutritional status, and depression. We defined physical activity and nutritional status based on the American Heart Association's Life Simple 7 guideline. 20 Categories for physical activity included poor (0 minutes of moderate and vigorous physical activity); intermediate (>0 to <150 minutes of moderate physical activity, >0 to <75 minutes of vigorous physical activity, or >0 to <150 minutes of combined moderate and vigorous physical activity); and ideal ($150 minutes of moderate physical activity, $75 minutes of vigorous physical activity, or $150 minutes of combined moderate and vigorous physical activity). Nutritional status, 
CKD Outcome Assessment
Our primary CKD outcomes included prevalent CKD at baseline, eGFR decline, and incident CKD. We defined prevalent CKD as either eGFR <60 ml/min per 1.73 m 2 assessed using the CKD-EPI equation 21 or albuminuria, defined as spot urine (or 24-hour if spot was missing) albumin-to-creatinine ratio $30 mg/g. eGFR decline was defined as the annual rate of kidney function decline during follow-up (Exam 1 to Exam 3), and it was determined using the equation: 365.25 Â (eGFR at Exam 1 -eGFR at Exam 3) / (number of days between Exam 1 and Exam 3). Among those without CKD at Exam 1, we defined incident CKD as either eGFR <60 ml/min per 1.73 m 2 at Exam 3 along with $25% decline in eGFR during follow-up or albuminuria at Exam 3. Isotope dilution mass spectrometry-calibrated serum creatinine was used for all GFR estimations. 22 
Statistical Analysis
We described demographic and clinical characteristics of participants by categories of sleep duration using mean AE SD or median [interquartile range] for continuous variables and frequency (percent) for categorical covariates. We reported the distribution of allostatic load and baseline kidney function across categories of sleep duration using mean AE SD.
We used a process analysis approach, 23 which is a special case of structural equation modeling, to evaluate allostatic load as a mediator of sleep and CKD outcomes. Unlike the commonly used Causal Steps Approach to mediation analysis that relies on certain stepwise criteria, but without a formal hypothesis test or quantification of the mediated effect, 24 the process analysis approach uses hypothesis tests to evaluate presence of (and to quantify) mediation. Briefly, we used generalized linear regression models with an identity (for continuous outcomes) or logit (for binary outcomes) link to estimate parameters that assessed presence of mediation based on 2 separate pathways, quantified by the indirect and direct associations (Supplementary Figure S1) . The indirect association (henceforth referred to as mediated association) evaluated the association of sleep with CKD outcomes via allostatic load, and the direct association evaluated the association of sleep with CKD outcomes independent of the effect of allostatic load on CKD. We used the quantile bootstrap approach, with 5000 replications, to test the significance of the mediated association; this approach had the advantage of relaxing the normality assumption regarding the sampling distribution of the mediated associations. We inferred evidence of mediation if the mediated association of at least 1 sleep category was non-zero relative to the reference sleep category. 22 All regression models were adjusted for age, sex, educational attainment, household income, employment status, alcohol consumption, and body mass index. We also adjusted the eGFR decline model for baseline eGFR and albumin-to-creatinine ratio. We assessed and confirmed model quality for fit, predictive accuracy, and model assumptions.
We conducted several sensitivity analyses. Because the main mediation models mentioned previously did not include diabetes and hypertension to avoid overadjustment because allostatic load comprises HBA1c (diabetes) and blood pressure (hypertension), we stratified the main models by hypertension and diabetes to account for their potential confounding effects. We also investigated the association of sleep with kidney outcomes using different categorizations (6 hours per 24 hours as the reference category for sleep duration and a dichotomized sleep quality variable) to determine if the results of the primary analysis were sensitive to categorization. Given that depression confounds the effect of sleep on adverse health outcomes, we additionally adjusted for depression in the main mediation analysis among a subset of JHS participants for whom JHS assessed depression. Finally, we also examined the mediated associations of allostatic load on the relation between sleep duration and CKD outcomes separately for each domain of allostatic load.
All hypothesis tests were 2-sided at the 0.05 level without adjustment for multiple comparisons, or imputation for missing data. We used SAS 9.4 (SAS Institute, Cary, NC) and R 3.3.0 (R Core Team, Vienna, Austria) for all analyses.
RESULTS
Sociodemographic and Behavioral Characteristics of Participants
Of the 5306 JHS participants, 5177 (98%) had complete data for sleep duration. These participants were predominantly women (63%), mean age was 55 years (SD 13), and most had greater than high school diploma (62%) or worked for pay (63%). Most (n ¼ 2085; 40%) slept the recommended 7 to 8 hours; 1286 (25%), 1521 (29%), and 285 (6%) reported very short (#5 hours), short (6 hours), and long ($9 hours) sleep duration, respectively. Participants with short sleep duration were generally similar to those with 7 to 8 hours. However, those with very short sleep (vs. 7-8 hours) were more likely to be men (39% vs. 35%); cigarette smoker (35% vs. 30%); and to have poor physical activity (54% vs. 47%) or low sleep quality (70% vs. 16%). Those with long sleep (vs. 7-8) were more likely to have lower-middle income status (52% vs. 33%), poor physical activity (54% vs. 47%), and to be a cigarette smoker (39% vs. 30%), but less likely to have more than a high school diploma (48% vs. 62%) or to work for pay (40% vs. 62%) ( Table 1) .
Distribution of Allostatic Load and CKD Outcomes
Among 5177 (98%) JHS participants with the required data for computing allostatic load, the composite allostatic load z-score ranged from À1.1 to 6.7 and its mean was 0 (SD 0. Table 2) .
Mean eGFR at baseline among 5109 (96%) JHS participants was 94 ml/min per 1.73 m 2 (SD 22 (Table 3) .
Sleep and eGFR Decline
The mean eGFR decline among 3658 (69%) JHS participants over follow-up was 1. (Table 3) .
Sensitivity Analyses
In sensitivity analyses, associations between very short (#5 hours) sleep duration and adverse kidney outcomes were more evident when short (6 hours) sleep duration was the reference sleep category (Supplementary Table S1 ). For instance, very short sleep (vs. 6 hours) associated with increased odds of incident CKD: OR 1.77, 95% CI 1.20 to 2.60. Allostatic load did not mediate this association: OR 0.99, 95% CI 0.96 to 1.03. Associations between sleep and kidney outcomes were robust with additional adjustment for depression (Supplementary Table S2 ). Results of mediation pathways via each of the 4 domains of allostatic load were generally consistent with that of the global allostatic load score (results not shown).
In analyses stratified by hypertension (Table 4 ) and diabetes (Table 5) , the associations between sleep and kidney outcomes were evident only among participants with diabetes: short sleep duration (vs. 7-8 hours) associated with 0.68 ml/min per 1.73 m 2 (95% CI 0.07-1.30) slower eGFR decline per year among those with diabetes. 
DISCUSSION
In a large prospective cohort of black American individuals, very short sleep duration (#5 hours) and low sleep quality were independently associated with greater prevalence of CKD at baseline. Low sleep quality also associated with faster eGFR decline per year over long-term follow-up. Short sleep duration (6 hours), compared with the recommended 7 to 8 hours, associated with slower annual eGFR decline over follow-up. Allostatic load did not mediate the associations between sleep duration or sleep quality with kidney outcomes. These results suggest a role of poor sleep as a risk factor for development of CKD in black individuals, but its effect on kidney outcomes does not appear to be mediated via allostatic load. Furthermore, sleep duration of 6 hours appears to confer the most favorable kidney outcomes in this all-black cohort.
To our knowledge, this is the first study to evaluate allostatic load as a mediator of the association between sleep and kidney health in a large cohort of black Americans. Unfavorable sleep patterns are especially common among black Americans 25, 26 and may contribute to health disparities in this group, 1 yet the mechanisms by which poor sleep affects kidney health have not been elucidated to-date. Prior work has established the relation of suboptimal sleep patterns in the general population with development of chronic diseases, such as diabetes, 27 hypertension, 28 and cardiovascular disease. 29 Notably, these relations persist when evaluating objectively measured or subjectively reported sleep duration or quality. Further, the potential damage caused by suboptimal sleep is evident when examining its relation with kidney health; poor sleep patterns have been linked to rapid kidney function decline, 1 incident albuminuria, 2, 3 and progression of CKD. CI, confidence interval, CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; OR, odds ratio. All models adjusted for age, sex, educational attainment, household income, employment status, alcohol consumption, and body mass index; the eGFR decline model additionally adjusted for baseline albumin-to-creatinine ratio and eGFR. However, although poor sleep consistently associates with adverse health in epidemiologic studies, its causal role as it pertains to development of CKD and known CKD risk factors, such as hypertension and diabetes, remains unclear. 30 For instance, considering that poor sleep is often a manifestation of illness, including CKD, the association of suboptimal sleep characteristics (e.g., short sleep duration and poor sleep quality) with unfavorable kidney health in observational studies, particularly cross-sectional studies, may reflect a reverse causal phenomenon. 31 Therefore, identifying preclinical biologic pathways by which poor sleep potentially affects development and progression of CKD may elucidate whether the association of poor sleep with CKD outcomes is causal or due to a spurious relationship between sleep and kidney health. 30 Allostatic load has been proposed as a potential mediator of the association between sleep and kidney outcomes, as its role as a key biologic mediator of the cumulative effects of social determinants on health becomes increasingly evident.
14 Derangements in domains of allostatic load, such as immune dysregulation, 32 neuroendocrine dysfunction, 33 and metabolic dysfunction, 34 have been previously linked with suboptimal sleep patterns in the general population. However, these relations have not been consistently found in black populations. 35, 36 Our findings also suggest that allostatic load may not be an important mediator of associations between sleep and poor kidney outcomes in black individuals. This suggests that the detrimental effects of suboptimal sleep on health via these biologic mediators might be blunted by factors that are unique to the black population, including behavioral adaptive mechanisms like coping, [37] [38] [39] which is hypothesized to modify the adverse health impact of external stressors in black individuals. Therefore, future work examining the relation between sleep and allostatic load should also evaluate the potential role of such behavioral adaptive strategies such as cognitive reappraisal and emotion expression on this relation. 40 In addition to allostatic load, other physiologic mediators of the association between sleep patterns and kidney outcomes warrant investigation in future work. For example, in experimental settings, sleep deprivation has been shown to disrupt homeostasis in components of the renin-angiotensin-aldosterone system (e.g., nocturnal release of aldosterone and excretion of electrolytes). 41, 42 Furthermore, observational studies associate sleep duration with markers of endothelial dysfunction. 43 Thus, given that derangements in the renin-angiotensin-aldosterone system and endothelial dysfunction 44 are well-established mechanisms underlying kidney damage, studies should examine their potential role in the observed association between sleep and CKD to determine the nature of this relation.
We noted some limitations. First, the sleep measures that we used in our analysis were self-reported and assessed once over a 24-hour period; prior work suggests that although subjective reports of usual sleep correlate moderately with objectively measured sleep, individuals tend to overestimate their sleep duration. 45 Thus, further work using objectively measured sleep should explore the validity and reliability of our findings, particularly regarding the amount of sleep that confers the most favorable kidney outcomes. Furthermore, although we defined allostatic load based CI, confidence interval, CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; OR, odds ratio. All models adjusted for age, sex, educational attainment, household income, employment status, alcohol consumption, and body mass index; the eGFR decline model additionally adjusted for baseline albumin-to-creatinine ratio and eGFR.
on the most commonly used definition, future work should examine if our findings are robust to other proposed definitions of allostatic load. 46, 47 In addition, given the observational design of the JHS, we were not able to account for residual confounding; randomized studies will be needed to provide conclusive evidence regarding the role of allostatic load on the sleep-CKD relation. Because the JHS was limited to 1 geographic region, our findings may not be generalizable to other populations in the United States. Last, considering that the JHS measured both sleep and allostatic load at baseline, the lack of a temporal relation between exposure and mediator limits causal inference regarding the hypothesized mediation via allostatic load of the effects of sleep on kidney health. Despite these limitations, our study had important strengths. First, the JHS measured biomarkers required for computing allostatic load in a large cohort of community-dwelling black individuals. Second, most participants in the JHS were followed for a median of 8 years to allow for development of longitudinal kidney outcomes. The availability of prospective data also allowed for mediation analytic approaches.
In conclusion, in a prospective cohort of black Americans, very short sleep duration and low sleep quality were associated with greater prevalence of CKD at baseline and low sleep quality associated with faster kidney function decline over a median follow-up of 8 years, but allostatic load did not appear to mediate these associations. Future work should investigate the role of other biologic mediators in the relation between sleep and CKD outcomes in black individuals.
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